Introduction
A cluster of simple metals can be viewed as a ''superatom'' since valence electrons confined in a jellium-like potential field are accommodated in a series of quantized orbitals. These superatomic orbitals (SAOs) are named 1S, 1P, 1D, 2S, 1F, 2P, 1G, 2D, 3S, 1H, 1I, etc., in order of energy, where S, P, D, F, G, H, and I represent the angular momenta, L = 0, 1, 2, 3, 4, 5, and 6, respectively. 1 The superatom concept has been verified experimentally and successfully used to explain the magic numbers of clusters of s-electron (ref. 1) metals, such as Na (ref.
2) and Au, 3, 4 and trivalent Al. 5 For example, the well-known magic cluster, Al 13 À , can be viewed as a superatom with an icosahedral motif and a closed electronic shell with 40 valence electrons. 5 With the prospect that superatoms will serve as the building blocks of novel nanomaterials, considerable effort has been made to develop Au superatoms protected by ligands, such as thiolates (RS) and phosphines (PR 3 Assemblies of endohedral Al clusters, X@Al 12 -Y@Al 12 (X-Y = Si-Si, B-P, Al-P), were predicted theoretically. 28 The present work is focused on the structure of one of the magic clusters Al 23 À , which also exhibits high stability towards O 2 like Al 13 À . 5 Previous experimental and theoretical studies have proposed that Al 23 À has an octupolar-deformed shape (structure 2 in Fig. 1 
Calculation procedure
The fully optimized structures, formation energies, and SAO structures of face-sharing bi-icosahedral Al 23 À and tri-icosahedral Al 33
À were obtained at the B3LYP/6-311++G** level using the Gaussian09 package. 31 As references, we also optimized the structures of Results and discussion Tables S1-S3 (ESI †) , respectively. Structures 1 and 2 are similar to structures reported previously. 29, 30 Newly-found structure 3 retains a face-sharing bi-icosahedral motif. Fig. 2 shows the structure of 3 in the third angle projection and the optimized structure of Al 13 À (I h ). The average Al-Al bond lengths at the joint (3.44 Å) and the facets at both ends (3.17 Å) are significantly elongated compared with that (2.82 Å) of Al 13 À (I h ). The symmetry of the Al 13 moiety of 3 was reduced to D 3d . Table 1 compares the relative stability of 1-3. Structures 1 and 2 have comparable stability, 29 whereas structure 3 is less stable than 1 and 2 by 0.97 eV. Nevertheless, we cannot exclude the possibility that structure 3 is produced under certain experimental conditions given that structure 3 is isolated from 1 and 2 by significant energy barriers. Table 1 also lists the vertical detachment energy (VDE), which is defined as the energy difference between the neutral and anionic states at the optimized structures of the anion. The VDE values of 1-3 are comparable to the experimental value (3.57 eV). 29 Energy diagrams of SAOs of 1-3 are shown in Fig. 3 . Large HOMO-LUMO gaps for all the structures (Table 1) indicate that their high stability originates from their closed electronic shells.
The electronic structures of 1 and 2 are similar and the energy diagrams of 1 and 2 indicate that they can be viewed as superatoms with nearly spherical morphologies and a closed electronic configuration of (1S) . In contrast, the electronic structure of 3 is significantly different from those of 1 and 2. The occupied SAOs of 3 are named #116-#150 in order of energy (Fig. 3) and their shapes are visualized in Fig. S1 and S2 (ESI †). In the following, we attempt to interpret the electronic structure of 3 in the framework of the SVB model 19 Table 2 . The construction of the low-lying SAOs (Fig. S1 , ESI †) is straightforward. For example, SAOs #116 and #117 are assigned to bonding and antibonding orbitals, respectively, constructed by interactions of SAO #66 of Al 13 À with 1S nature (Table 2 and (Table 2 and Fig. S3 , ESI †). In 3, SAOs #142, #145, and #146 with bonding nature are occupied whereas their anti-bonding counterparts #151, #155, and #156 are unoccupied ( Table 2 ). The occupation of SAOs #142, #145, and #146 is responsible for the bonding interaction between the two Al 13 superatoms. SAOs #142, #145, and #146 are constructed from the SAO of Al 13 À with 2P, 1F, and 1F nature, respectively, as shown in Fig. 4 
Al 43 À with a tri-icosahedral motif. We obtained a local minimum structure as shown in Fig. 5 . The atomic coordinates of the optimized Al 33 À are given in Table S4 (ESI †). 
